We studied hearts from sham-operated and uninfected catheterized rabbits as well as from rabbits at early and late stages of cardiomyopatny and failure after 3 and 6 days of infection with Streptococcus viridans. No ultrasrructural abnormalities or biochemical changes in membrane and myofibrillar activities were seen in 3-day uninfected hearts. ID 6-day uninfected hearts there were decreased sarcolemmal M >+ ATPase, Na + -K + ATPase, adenylate cydase and calcium binding, microsomal calcium binding and uptake, and myofibrillar Ca 1+ -stimulated ATPase as well as increased mitochondria! calcium uptake. Slight ultrastructural changes also were apparent in 6-day uninfected hearts. At both early and late stages of infective cardiomyopatfay and failure there were varying degrees of depression in sarcolemmal Mg I+ ATPase, Na + -K+ ATPase, adenylate cydase and calcium binding, microsomal calcium binding, calcium uptake and basal ATPase, and myofibrillar Ca 1+ -stimulated ATPase activities. However, sarcolemmal Ca'+ ATPase and myofibrillar Mg'+ ATPase activities were decreased only after 6 days of infection. Mitochondrial calcium binding and uptake were increased in early stages but decreased in late stages of disease. Furthermore in infected hearts there were defects in mitochondrial respiration and pbosphorylation. Generalized severe myocardial cell damage involving myofibrils, mitochondria, and the sarcotubular system was seen only in late stages of infection. The results demonstrate impairment of different membrane and contractile protein functions as well as ultrastructural abnormalities in bacterial cardiomyopathic hearts which were absent or of lesser magnitude in hearts with only hypertrophy. The findings reported here suggest to us that there is an association between heart failure and changes in function of cellular components during bacterial infective cardiomyopathy.
factors involved in the regulation of myocardial metabolism and function, during infective endocarditis. In the 1950's Olson 3 discussed a hypothetical framework for the study of cardiac metabolism in relation to heart failure. He postulated that there are two molecular classes of heart failure: (1) those in which the defect lies in energy production, and (2) those in which the defect lies in energy utilization. During the intervening years several studies have supported this hypothesis; 4 -' however, some reports indicating normal energy metabolism in the failing heart also have appeared. Thus the molecular mechanisms underlying the loss of contractility in heart failure remain obscure and it commonly is held that biochemical defects are dependent on the type and degree of heart failure.
Since mitochondria and myofibrils are the major systems for energy production and utilization, respectively, the respiratory and phosphorylation abilities of mitochondria and ATP-hydrolyzing activity of myofibrils usually are considered to reflect metabolic changes in heart failure. ' Changes in the sarcolemma also may be associated with abnormal myocardial function and metabolism because this membrane is enriched with enzymes such as adenylate cyclase and Na + -K + ATPase which participate in the synthesis of cyclic AMP and in maintenance of transmembrane ionic gradients.*• 7 Furthermore, cardiac contraction and relaxation are thought to be regulated by the movement of calcium across the sarcoplasmic reticulum, mitochondrial membranes, and sarcolemma;*-*"'° thus any alteration in the calcium-regulating ability of these structures may impair contraction. We therefore decided to study the biochemical activities of myofibrils, mitochondria, fragments of sarcoplasmic reticulum (heavy microsomes), and sarcolemma isolated from hearts at early and late stages of infective cardiomyopathy. In addition, we studied the ultrastructure of the infected hearts to provide morphological support for the biochemical observations on these cellular components.
Methods
Left heart cardiomyopathy was induced in New Zealand White male rabbits by catheterization and subsequent injection of 5. viridans according to procedures described earlier. 1 -* Rabbits weighing 1-2 kg were anesthetized with sodium pentobarbital (45 mg/kg, ip) and a catheter (external diameter, 0.9 mm, and internal diameter, 0.6 mm) was implanted in the left ventricle through the right carotid artery. Twenty-four hours after surgery, the rabbits were injected with saline or S. viridans (10 7 organisms/kg). The dose of bacteria injected produced endocarditis in all rabbits. 1 -2 Catheterized and control rabbits were injected with saline for the purpose of comparison. Both infected and uninfected catheterized rabbits showed left ventricular hypertrophy; however, only infected rabbits exhibited clinical signs of heart failure and died within 6-8 days. Uninfected rabbits developed no signs of failure even when examined 4 weeks after the saline injection. On the basis of our prior studies of cardiac function and pathology we consider that at 3 and 6 days after infection rabbits were in the early and late stages of heart failure, respectively. 11 The rabbits were killed at these times by cervical dislocation, the hearts were removed quickly, and the left ventricle was dissected free and used for isolation of various cellular components. The left ventricular tissues from the control, uninfected catheterized, and infected rabbits were processed simultaneously under identical conditions. The activities of all cellular fractions used in this study were determined within 1 hour after isolation.
ISOLATION OF THE SARCOLEMMAL FRACTION
The sarcolemmal fraction was prepared according to a previously described method. 7 The ventricular tissue was washed thoroughly and homogenized in 10 vol of 10 mM tris(hydroxymethyl)aminomethane (Tris)-HCl, pH 7.4, containing 1 mM ethylenediaminetetraacetate sodium (EDTA) and 1 mM dithiothreitol (DTT). The homogenate was filtered through gauze and centrifuged at 1,000 g for 10 minutes. The sediment was resuspended four times in 10 mM Tris-HCl, pH 7.4 to 8.0, containing 1 mM DTT (Tris-DTT buffer) and centrifuged at 1,000 g. The residue thus obtained was extracted with Tris-DTT buffer, pH 7.4, containing 0.4 M LiBr, for 45 minutes and centrifuged at 1,000 g for 10 minutes. After washing with the above Tris-DTT buffer, pH 7.4, the sediment was extracted with 0.6 M KC1 in Tris-DTT buffer, pH 7.4. This pellet was suspended in 1 mM Tris-HCl, pH 7.4, and employed for biochemical studies.
ISOLATION OF MITOCHONDRIA AND HEAVY MICROSOMAL FRACTIONS
For this purpose the tissue was homogenized in 10 vol of 0.25 M sucrose containing 1 mM EDTA, pH 7.0, and the mitochondrial (1,000-10,000 g) and heavy microsomal (10,000-40,000 g) fractions were separated by differential ccntrifugation. 11 The crude mitochondrial fraction was resuspended in 0.18 M KC1 containing 10 mM EDTA and 0.5% albumin (fatty acid free), pH 7.0, and centrifuged at 1,000 g. The sediment at 10,000 g was washed twice, suspended in 50 mM KC1, 20 mM Tris-HCl, pH 6.8, and used for calcium transport studies. The crude microsomal fraction was suspended in 0.6 M KC1 and 20 mM Tris-HCl (pH 7.0) and centrifuged at 40,000 g for 45 minutes; the sediment was washed and resuspended in 0.25 M sucrose and 10 mM Tris-HCl (pH 7.0).
For studying oxidative phosphorylation, mitochondria were isolated according to the method of Sordahl and Schwartz. 11 This fraction yielded results for calcium transport similar to those obtained using the method outlined above. The microsomal fraction also was obtained by homogenizing the tissue by the sodium bicarbonate method" and the results were similar to those obtained with the heavy microsomal fraction isolated as described above.
ISOLATION OF THE MYOFIBRILLAR FRACTION
The myofibrillar fraction was obtained by the method of Muiret al. 13 by homogenization of the tissue in 0.1 M KC1, 5 mM histidine, pH 7.0, and centrifugation at 5,000 g. This sediment was washed and suspended in 40% sucrose solution containing 5 mM histidine, pH 7.0, and centrifuged at 15,000 g. The residue was washed and centrifuged repeatedly at 5,000 # and was resuspended in 0.1 M KC1 histidine buffer for biochemical studies.
DETERMINATION OF CALCIUM TRANSPORT ACTIVITIES
Calcium accumulation by mitochondrial, microsomal, and sarcolemmal fractions was determined by employing the Millipore filtration technique. 11 For mitochondrial and microsomal calcium binding, these particles were incubated in a medium containing 100 mM KCI, 10 mM MgCli, 20 mM Tris-HCl (pH 6.8), 4 mM ATP, and 0.1 mM Ca 4S Cl, in a total volume of 1 ml. The reaction was started by the addition of Ca 4 'Clj and stopped by Millipore filtration at various times of incubation at 25°C. The radioactivity in the protein-free filtrate was estimated in a Packard liquid scintillation spectrometer. The calcium uptake by the microsomal fraction was carried out at 37°C in the above medium in the presence of 5 mM potassium oxalate, whereas VOL. 39, No. 1, JULY 1976 that by the mitochondrial fraction was carried out in the presence of 5 mM inorganic phosphate and 5 mM sodium succinate. The calcium accumulation by the sarcolemmal fraction was carried out in 100 mM KC1, 20 mM Tris-HCl (pH 6.8), and 0.1 mM Ca 45 Cl 2 in the absence or presence of 4 mM MgATP.
DETERMINATION OF ATP-HYDROLYZING ABILITIES
The mitochondrial fraction was incubated at 37°C in medium containing 100 mM KC1, 20 mM Tris-HCl, pH 6.8, 10 mM MgCl,, and 4 mM ATP. The microsomal fraction was incubated at 37°C in medium containing 100 mM KG, 10 mM MgCl,, 20 mM Tris-HCl, pH 6.8, 4 mM ATP, 5 mM potassium oxalate, and either 0.1 mM CaClj or 1 mM ethylene glycol bis(#-aminoethyl ether)-/V,/V'-tetraacetic acid (EGTA). The value in the presence of EGTA is taken as basal activity, whereas the difference between the basal and total (in the presence of 0.1 mM CaClj) activities was considered due to Ca 2+ -stimulated ATPase.
The myofibrillar ATPase activity was determined in the presence and absence of 5 mM sodium azide by incubating this fraction in medium containing 60 mM KC1, 10 mM histidine (pH 7.0), 4 mM EGTA, 2 mM MgCl,, and 2 mM ATP at 37°C. The calcium-stimulated ATPase activity of the myofibrillar fraction was determined in the above medium without EGTA but in the presence of 5 mM sodium azide and varying concentrations of CaCl,. The free calcium concentration in the presence of 0.5 mM EGTA buffer was calculated by the method of Imai and Takeda. 14 On the other hand, the sarcolemmal Mg a+ ATPase and Ca 2 + ATPase activities were determined by incubating this fraction in medium containing 50 mM Tris-HCl, pH 7.4, and 4 mM ATP in the absence and presence of 4 mM MgCl, or 4 mM CaCl, at 37°C. The sarcolemmal ATP hydrolysis in the absence of CaCl, or MgClj was taken as due to nonspecific ATPase. The sarcolemmal Na + -K + ATPase activity was estimated by finding the difference between ATP hydrolysis in the absence or presence of 2 mM ouabain in a medium containing 50 mM Tris-HCl (pH 7.4), 4 mM MgCl,, 100 mM NaCl, 10 mM KC1, and 4 mM ATP at 37°C.
All the reactions for ATP hydrolysis were started by the addition of ATP and stopped by the addition of 12% cold trichloroacetic acid and centrifugation. The inorganic phosphate released in the clear supernatant fluid was measured by the method of Taussky and Shorr. 10 The protein concentrations were determined by the method of Lowry et a l . "
DETERMINATION OF SARCOLEMMAL ADENYLATE CYCLASE ACTIVITY
The adenylate cyclase activity was assayed by employing descending chromatography according to the method of Drummond and Duncan. 17 The incubation medium at 37°C contained 50 mM Tris-HCl (pH 8.5), 8 mM caffeine, 5 mM K G , 20 mM phosphocnol pyruvate, 15 mM MgCl,, 130 jig/ml pyruvate kinase, and 0.4 mM I4 C-ATP. The adenylate cyclase activity was studied in the absence (basal) and presence of 100 fiM epinephrine or 4 mM NaF.
DETERMINATION OF MITOCHONDRIAL RESPIRATION AND OXIDATIVE PHOSPHORYLATION
The mitochondrial oxygen consumption and oxidative phosphorylation (ADP/O ratio) were measured polarographically at 28°C using a Gilson oxygraph and Clarke electrode in a medium containing 0.25 M sucrose, 10 mM Tris-HCl (pH 7.4), 10 mM KjHPO,, 1.5 mM pyruvate and 0.3 mM malate. This method has been described by Sordahl and Schwartz. 12 State 3 respiration was initiated by the addition of 200 nmol of A DP, whereas state 4 respiration ensued when all the ADP was phosphorylated. The respiratory control index (RCI) was calculated as the ratio of oxygen uptake rates in states 3 and 4, whereas the phosphorylation rate was calculated by multiplying the oxygen uptake rate in state 3 [QO,(3)] by the ADP/O ratio.
ELECTRON MICROSCOPIC EXAMINATION
Specimens of left ventricular tissue were taken from all the hearts used for the biochemical studies and were fixed in 1% glutaraldehyde for 12-16 hours for electron microscopic examination. These specimens initially were soaked rapidly in the fixation medium. Although it is recognized that fixation of the myocardium without perfusion is not an optimal technique, the tissue was cut into small pieces less than 1 mm thick while immersed in the fixation medium. The specimens were washed overnight in 0.1 M phosphate buffer, fixed for 1 hour with 1% osmium tetroxide, dehydrated in graded concentrations of ethanol, and embedded in Epon 812. Sections were made with a Porter-Blum MT-II ultramicrotome and glass knives, stained with uranyl acetate and lead citrate, and examined with a Zeiss electron microscope (EM 9S).
GENERAL CHARACTERISTICS OF CELLULAR COMPONENTS
The purity of the cellular fractions used in this study was checked routinely by different means. Sodium azide (5 mM) inhibited MgATP-dependent calcium binding by mitochondria by 70-80% without appreciably affecting (0-5% inhibition) microsomes from control and experimental preparations. Furthermore, in contrast to mitochondrial and microsomal fractions, the calcium binding by the sarcolemmal fraction was inhibited by the presence of MgATP. Unlike myofibrillar, mitochondrial, and microsomal fractions, the sarcolemmal fraction exhibited ouabain sensitive Na + -K + ATPase activity. The microsomal fraction, unlike the mitochondrial and sarcolemmal fractions, showed stimulation of energy-dependent calcium transport by oxalate. The electron microscopic examination of pellets of fractions employed in this study revealed minimal apparent cross contamination. Although we do not claim that these fractions were pure, we believe that the degree of impurity in the experimental preparations was comparable to that of the control. No attempt was made to establish whether or not T-tubular membrane systems were present in the sarcolemmal or microsomal fractions. Use of marker enzymes such as cytochrome c oxidase and glucose-6-phosphatase activities 11 in two experiments revealed that the control and experimental mitochondrial and microsomal preparations were cross-contaminated by 2-5%. Thus it is reasonable to assume that the fractions used in this study were enriched with the respective cellular organelles.
STATISTICAL ANALYSIS
Student's /-test was used to analyze the statistical significance of differences in paired and unpaired data. Data for infected rabbits were compared with data from control and from uninfected catheterized rabbits at the same time period after injection.
Results
As reported earlier, 2 the infected and uninfected catheterized rabbits showed about 40% and 70% left heart hypertrophy, respectively, after 6 days in comparison to the controls, whereas only infected rabbits exhibited significant (P < 0.05) cardiac hypertrophy (about 35%) 3 days after injection. Although we did not evaluate cardiovascular functional status of rabbits used in this study, our previous results'- 2 indicate that the infected rabbits were in the early and late stages of heart failure 3 and 6 days after bacterial injection.
SARCOLEMMAL ALTERATIONS
The ATP-hydrolyzing abilities of the cardiac sarcolemmal fractions from control, uninfected, and infected rabbits are shown in Table 1 . The nonspecific ATPase activity was increased in uninfected and infected 6-day rabbits as compared to control (P < 0.05), whereas Mg ++ ATPase and ouabain-sensitive Na + -K. + ATPase activities were decreased (P < 0.05) in uninfected 6-day and infected 3-and 6-day rabbits in comparison to control. There were no significant changes in Ca 2+ ATPase activity in sarcolemma from uninfected animals at 6 days after saline injection, but the Ca 2+ ATPase activity was decreased significantly (P < 0.05) in 6-day, but not in 3-day, infected hearts. The magnitude of changes in the membrane-bound enzymes such as Ca 2+ -ATPase, Mg 2+ ATPase, and Na + -K + ATPase in the 6-day infected hearts was significantly greater (P < 0.05) than in the uninfected hearts. The nonspecific ATPase activity in the absence of cations in the 6-day uninfected and infected preparations did not decrease when the assay was carried out in the presence of 1 mM EDTA or EGTA, indicating that the higher levels of nonspecific ATPase activity in the operated rabbit were not due to cationic contamination.
In another set of experiments, the activities of sarcolem-mal adenylate cyclase of control, uninfected, and infected hearts were measured in the absence and presence of 100/J.M epinephrine and 4 mM NaF (Table 2B ). The basal, epinephrine-stimulated, and NaF-stimulated adenylate cyclase activity were decreased (P < 0.05) in 6-day uninfected as well as 3-and 6-day infected hearts in comparison to the control values. In comparison to the uninfected hearts, NaFstimulated adenylate cyclase activities were decreased (P < 0.05) in the 3-and 6-day infected hearts, whereas basal and epinephrine-stimulated adenylate cyclase activities were decreased (P < 0.05) only at 3 and 6 days, respectively. Calcium binding by the sarcolemmal fraction was studied in the absence or presence of MgATP ( Table 3 ). The calcium binding ability of sarcolemma from uninfected hearts was significantly lower {P < 0.05) than that from control in the absence but not in the presence of MgATP; however, the values obtained both in the absence and presence of MgATP for sarcolemma from the infected hearts were decreased significantly (P < 0.05). Furthermore, in comparison to the uninfected hearts, the infected heart sarcolemma bound less (P < 0.05) calcium.
MICROSOMAL ALTERATIONS
Calcium binding and uptake by the cardiac heavy microsomal fractions from the sham-operated control, uninfected, and infected rabbits were studied at different intervals of incubation and the results are reported in Figures 1 and 2 . The ability of the heavy microsomal fraction to bind calcium in the presence of MgATP was markedly depressed (P < 0.05) in the 6-day uninfected, and in the 3-and 6-day infected tiearts. On the other hand, calcium binding by the 3-day uninfected microsomal preparation was not different (P > 0.05) from the control. In comparison to the uninfected hearts, depression in calcium binding by infected heart microsomes was significantly greater (P < 0.05) at both 3 and 6 days ( Fig. 1 ). The data shown in Figure 2 reveal that microsomal calcium uptake, when studied in the presence of MgATP and potassium oxalate, was significantly decreased in 3-and 6-day infected hearts in comparison to control, whereas calcium uptake was decreased in uninfected hearts only at 6 days. In comparison to uninfected hearts, the microsomes from infected hearts accumulated a lesser amount (P < 0.05) of calcium both at 3 and 6 days.
Basal and Ca 2+ -stimu!ated ATPase activities of the microsomal fraction also were studied (Table 4 ). Although 
MITOCHONDRIAL ALTERATIONS
Mitochondrial MgATP-dependent calcium binding and uptake were studied in the absence and presence, respectively, of inorganic phosphate and sodium succinate and the results are shown in Figures 3 and 4 . Mitochondrial calcium binding at different intervals of incubation by the 3-day infected hearts was significantly increased (P < 0.05), whereas that by the 6-day infected hearts was significantly decreased (P < 0.05) in comparison to values obtained for control or uninfected rabbits. On the other hand, calcium binding by the uninfected heart mitochondria was not different (P > 0.05) from control (Fig. 3) . The time course of calcium uptake by mitochondria revealed that the values for the 3-day infected and 6-day uninfected hearts were higher (P < 0.05) and those for the 6-day infected hearts were lower (P < 0.05) than control (Fig. 4) . In comparison to uninfected hearts, mitochondrial calcium uptake by 3-day infected hearts was increased (P < 0.05) but uptake by 6-day infected hearts was markedly decreased. The mitochondrial ATP-hydrolyzing ability was decreased (P < 0.05) in infected rabbits in comparison to control ( Table 4 ). The mitochondrial ATPase activity of the 6-day infected hearts was less (P < 0.05) than that of the uninfected hearts.
The respiratory and oxidative activities of mitochondria are reported in Table 5 . It was observed that the values for RCI, ADP/O ratio, and phosphorylation rate were de- the ATP-hydrolyzing activity of these proteins was determined in the absence and presence of sodium azide, a well known inhibitor of mitochondrial ATPase. The results in Table 6 show that the Mg I+ ATPase activity in the presence of azide was lower than that in its absence. The Mg 2+ ATPase values at 2 and 5 minutes of incubation for infected hearts were significantly less (P < 0.05) than the control only when sodium azide was added to the medium. On the other hand, total Mg 2+ -Ca I+ ATPase values in the presence of azide for the 3 and 6-day infected, and 6-day uninfected heart myofibrillar total Mg 1+ -Ca :l+ ATPase activity in infected hearts was decreased (P < 0.05). The activities of the Ca 2+ -stimulated ATPase of the 6-day uninfected, as well as 3 and 6-day infected heart myofibnls, also was decreased (P < 0.05) when studied at different concentrations of calcium (Fig. 5 ). 
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FIGURE I Time course of calcium binding by heavy microsomal fractions from control hearts (SC), uninfected calhelerized hearts at 3 days (U3) and 6 days (U6) after injection of saline, and infected hearts at 3 days (13) and 6 days (16) after injection of streptococcus viridans. The protein concentration was 0.2-0.3 mg/ml. Each point represents a mean ± SE of six experiments and is expressed as a percent of10-minute control binding (average value was 63.4 ± 4.6 nmol Ca' + jmg protein). *P < 0.05 for infected hearts compared to control. •*/• < 0.05 for infected hearts compared to control and uninfected hearts.
TIME OF INCUBATION (min) FIGURE 3 Time course of calcium binding by mitochondria! fractions. The protein concentration was 0.3-0_5 mg/ml. Abbreviations and symbols as in Figure I. Each point represents a mean ± SE of six experiments and is expressed as a percent of 10-minute control binding (average value was 873 ± 5.1 nmol Ca' + /mg protein).
above data revealed that the decrease in myofibrillar Ca t+ -stimulated ATPase in the infected hearts was due to a depression in the maximal velocity of ATP hydrolysis (V m .,) without any changes in the affinity (K m ) of the enzyme for calcium ( Fig. 5 ).
YIELDS OF THE CELLULAR COMPONENTS
The data shown in Table 7 indicate that the yields of sarcolemma and myofibrils from infected and uninfected hearts were not different (P > 0.05) from controls. The yields of mitochondria and microsomes, however, were increased (P < 0.05) in 6-day infected hearts. These values of yields do not in any way describe the actual amounts of 
FIGURE 4 Time course of calcium uptake by mitochondria! fractions. The protein concentration was 0.2-0 J mg/ml. Abbreviations and symbols as in Figure I. Each point represents a mean ± SE of six experiments and is expressed as a percent of 10-minute control uptake (average value was 203.6 ± 8.7 nmol Ca'*/mg protein).
these subcellular particles in the control and experimental hearts, since a considerable amount of these are lost during the process of isolation and purification.
ULTRASTRUCTURAL ALTERATIONS
Specimens of left ventricular tissue employed for biochemical studies were examined under the electron microscope. Sections of ventricle from 3-day uninfected hearts were indistinguishable from those from control hearts except for a slightly increased frequency of vacuoles. Sections from 6-day uninfected hearts revealed occasional areas of moderate muscle abnormality including myofibrillar contracture, sarcotubular swelling, alteration in mitochondrial cristae, vacuolization, and some degree of separation of the intercalated disks. Three days after infection slight swelling of the sarcotubular system and occasional separation of the intercalated disk were noted (Fig. 6A ). Generalized and dramatic damage to ultrastructure of the left ventricle was seen 6 days after infection. The changes included disruption of myofibrils in some areas and contracture in others, swelling and destruction of mitochondria, swelling of the sarcotubular system, and marked separation of the intercalated disks ( Fig. 6B and C) . Although swelling of sarcoplasmic reticulum underneath sarcolemma was noted in the 6-day infected hearts, we did not observe rupture of the sarcolemma in any of the experimental preparations. It should be pointed out that the myocardial cell damage in 6-day infected hearts was extremely severe in comparison to that seen in 6-day uninfected hearts.
Discussion
Normal function of the myocardial cell can be appreciated in terms of the function of different cellular components. For example, myofibrils, which convert chemical into mechanical energy, are known to hydrolyze ATP, whereas mitochondria, which oxidize different substrates, are known to generate ATP. The sarcolemma, on the other hand, not only maintains the concentrations of various cytoplasmic constituents at a proper level, but also is the site of enzymes involved in regulating several metabolic processes. In addition, the contribution of sarcoplasmic reticulum mainly, and mitochondria to some extent, in regulating the movements of cytoplasmic calcium for initiating contraction and relaxation of myocardium, is widely accepted.* Thus, impairment in the function of myofibrils, mitochondria, sarcolemma, and sarcoplasmic reticulum may result in defective myocardial performance. Because available techniques do not permit assessment of the status of these cellular components in the intact heart, it is necessary to separate them into fractions and study them in vitro. In spite of the limitations of this approach, it commonly is held that valuable information concerning the pathogenesis of heart failure can be gained by such investigations. In particular, results obtained in studies of isolated cellular fractions are considered to reflect the operation of mechanisms involved in the processes for ATP production and utilization as well as for calcium regulation in normal and diseased hearts.
FIGURE 5 Representative comparison from five experiments of myofibrillar calcium stimulated A TPase at 3 days (13) and 6 days (16) after injection of Streptococcus viridans. The assay system was the same as in Methods except that the concentration of calcium was varied. Protein concentration was 06-O.S mg/ml. The inset is the Lineweaver-Burk analysis of the data for control and 6-day infected hearts.
FIGURE 6 A: electron micrograph of the left ventricle from the heart of a rabbit with infective cardiomyopathy 3 days after injection of Streptococcus viridans, showing slight swelling of sarcotubules (S) and some degree of separation of the intercalated disks (arrows). B: the left ventricle from the heart of a rabbit with infective cardiomyopathy 6 days after injection of S. viridans showing extensive damage including disruption of myofibrils (D), swelling and destruction of mitochondria (M), and sarcotubular swelling (S). C: the left ventricle from the heart of a rabbit with infective cardiomyopathy 6 days after injection ofS. viridans showing marked separation of the intercalated disk (arrows).
MECHANISMS FOR ATP PRODUCTION
In this study we demonstrated a progressive decrease in mitochondrial ADP/O ratio, phosphorylation rate, and respiratory control index during infective cardiomyopathy and failure. Oxygen consumption by mitochondria under state 3 conditions also was decreased at late stages, whereas oxygen consumption under state 4 was increased at early and late stages of infection. These changes in mitochondrial function in the infected hearts cannot be attributed to myocardial hypertrophy, since no such alterations were noted in the uninfected hypertrophied hearts. Furthermore, ultrastructural examination of the left ventricular myocardium revealed a greater degree of mitochondrial swelling and damage in infected hearts in comparison to uninfected. The biochemical and morphological changes can be interpreted to reflect a reduction in the ability of mitochondria to generate ATP in the infected myocardium. Thus, we believe that a defect in the process of energy production is one of the factors that may be associated with heart failure due to bacterial infection.
It should be noted that some investigators have observed changes in mitochondrial oxidative phosphorylation ability in the development of heart failure, 1 * whereas others have not obtained confirmatory results.* 0 A detailed study requiring measurement of high energy phosphate stores in the infected myocardium is necessary before definitive conclusions can be drawn concerning the contribution of the observed defect in mitochondrial function in the pathogenesis of contractile failure during infective cardiomyopathy.
MECHANISMS FOR ATP UTILIZATION
Many investigators share the view that a major portion of the cardiac energy stores is utilized for mechanical work of the myocardium. Whereas some investigators have reported that heart failure may be associated with a defect of energy utilization, 2 '-* 2 others have found no such abnormality. 21 In the present study we observed a decrease in myofibrillar Mg 2+ ATPase in late, but not in early, stages of infection in comparison to the control or uninfected hearts. Furthermore, myofibrillar Ca 1+ -stimulated ATPase activity was depressed at early and late stages of infection. Extensive myofibrillar damage also was seen in the infected hearts on ultrastructural examination. Thus, our results indicate there is some impairment in the processes involved in the utilization of ATP in infective cardiomyopathy.
MECHANISMS FOR CALCIUM REGULATION
It now is widely accepted that changes in the intracellular calcium concentration play a central role in myocardial contraction and relaxation and that various membrane systems such as sarcolemma, sarcoplasmic reticulum, and mitochondria participate in its regulation. ' We have shown that microsomal calcium binding and uptake are decreased in early and late stages of infective cardiomyopathy. Although calcium binding and uptake by microsomal fractions of uninfected hearts also were decreased, these changes were of lesser magnitude in comparison to infected hearts and were apparent only at late stages of hypertrophy. Microsomal Mg 1+ ATPase activity was decreased in infected hearts, but the activity of the Ca 1+ -stimulated ATPase, which is considered to be involved in the transport of calcium across the reticular membrane, 24 is not appreciably altered. Thus, it appears that changes in calcium uptake by the fragments of sarcoplasmic reticulum from the infected hearts are due to an uncoupling of the ATPase from the transport system. Reduction in microsomal calcium uptake by myopathic hamster hearts also has been shown to occur without any changes in the Ca 1+ ATPase activity." At any rate, the defect in calcium binding by the microsomal fraction from infected hearts does not appear to tie due to contamination by mitochondria, since sodium azide, an inhibitor of mitochondrial calcium transport, had no effect on microsomal fractions from either control or experimental preparations. Ultrastructural examination of the infected myocardium also revealed some swelling of the sarcotubular system. Depression in the ability of the microsomal fraction of the infected heart to accumulate calcium may result in a decrease in calcium stores in the sarcoplasmic reticulum. It also should be noted that sarcolemma from infected hearts bound considerably less calcium in comparison to control and uninfected preparations. Thus it is possible that a lesser amount of calcium was available for release from sarcoplasmic reticulum or sarcolemmal sites on excitation of the infected myocardial cell. This would result in the decreased ability of infected hearts to develop contractile force. 3 Since the ability of sarcoplasmic reticulum to accumulate calcium is linked to the ability of the myocardium to relax, the observed depression in microsomal calcium binding and uptake may explain the prolongation of the relaxation phase of the infected myocardium. 1 The contribution of changes in mitochondrial transport for the regulation of contractile activity of infected hearts is difficult to evaluate, since mitochondrial calcium binding and uptake were increased in early stages and decreased in late stages of infection. However, the observed increase in mitochondrial calcium accumulation in hearts at early stages of infection, as well as in uninfected hearts, may represent a compensatory mechanism. In this regard it should be noted that varying degrees of changes in the calcium transporting abilities of both microsomal and mitochondrial fractions have been reported in different types of failing hearts by numerous workers in this field.'-"• 2i -"
SARCOLEMMAL ABNORMALITIES
In addition to impaired ability of the sarcolemmal fraction from the infected heart to bind calcium, we have demonstrated that the activities of sarcolemmal Mg s+ ATP-ase and Na + -K + ATPase were lower in early stages of infection in comparison to controls, at which time no change was noted in sarcolemma from uninfected hearts. Furthermore, the activity of Ca 2+ ATPase was also lower at late stages of infection in comparison to control and uninfected hearts, at which time the degree of depression in Mg 1+ ATPase and Na + -K + ATPase in infected hearts was also greater than in uninfected hearts. These results suggest there are sarcolemmal alterations in the infected myocardium and may account for our previous observations indicating leakage of intracellular enzymes during infective cardiomyopathy. 2 Although we were unable to observe disruption of the myocardial cell membrane in infected hearts on eTectron microscopic examination, the possibility of a sarcolemmal defect in infective cardiomyopathy is substantiated by our observations concerning changes in the adenylate cyclase activity. In this regard, we have noted that the activities of sarcolemmal adenylate cyclase in the absence and presence of epinephrine and NaF were decreased in early and late stages of infection. The changes for epinephrine-and NaFstimulated adenylate cyclase activity in the infected hearts were greater than those in the uninfected myocardium. Since adenylate cyclase is known to catalyze the formation of cyclic AMP, which is involved in the regulation of various metabolic processes, the observed alteration in sarcolemmal adenylate cyclase in the infected hearts may be associated with metabolic disturbances and impaired contractility. It should be pointed out that alterations in the sarcolemmal enzyme activities also have been reported in other types of failing hearts."->0
SIGNIFICANCE OF CHANCES IN CELLULAR COMPONENTS
We have shown defects in sarcolemmal, microsomal, mitochondrial, and myofibrillar activities during infective cardiomyopathy. The heart failure in this experimental model is superimposed on left heart hypertrophy which makes evaluation of the effects of bacterial infection on cellular structures rather complex. However, it was observed that the extent of changes in sarcolemmal, microsomal, and myofibrillar activities in most cases at both early and late stages of infection was greater than in the uninfected hypertrophied hearts. Furthermore, mitochondrial respiratory and oxidative phosphorylation activities were altered only in the infected hearts and, unlike uninfected myocardium, calcium transport in mitochondria was decreased in late stages of infection. The degree of myocardial cell damage was also greater in infected myocardium in comparison to uninfected. From these observations we believe that VOL. 39, No. 1, JULY 1976 there is an association of heart failure and changes in the function of membrane and contractile protein systems during bacterial infection. At the present time it is premature to state with certainty whether heart failure and the observed biochemical and ultrastructural changes have any cause-effect relationship or are a consequence of the infective process. However, it is tempting to speculate that heart failure in infective cardiomyopathy may be due to some defect in energy production. Although it is recognized that data obtained from experimental animal models should be extrapolated to human disease with caution, it is possible that the pattern of myocardial alterations in patients with heart failure due to bacterial endocarditis may be similar to those observed in this study.
